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Crystal structures of A2FeCI 5·H 20 (A = Rb+, Cs+) and
field dependent superconducting susceptometer measurements
Charles J. O'Connor. Bascom S. Deaver. Jr., and Ekk Sinn
Departments of Chemistry and Physics. University of Virginia, Charlottesville, Virginia 22901
(Received 21 August 1978)
Crystal structures and low field principal crystal axis magnetic measurements are reported for the
antiferromagnetic iron (III) salts A 2 FeCl s·H 20; A = Rb+, Cs+. The two compounds undergo a zero field
paramagnetic to antiferromagnetic phase transition at 6.5 K (A = Cs+) and 10.05 K (A = Rb+). The spin
flop magnetic phase is observed in high field measurements. The magnetic field-temperature phase
diagrams are reported. All magnetic measurements were recorded on a superconducting susceptometer.
The bicritical points are 6.25 K, 14.5 kOe (A = Cs+), 9.75 K, 17.8 KOe (A = Rb+). Crystal data for
Cs 2FeCI s·H zO: space group Cmcm, Z = 4, a = 7.442(3) A, b = 17.307(7) A, c = 8.077(7) A,
V = 1040 A3, R = 5.2%, 561 reflections. Crystal data for Rb2 FeCl s·H20, space group Pnma, Z = 4,
a = 13.825(4) A, b = 9.918(3) A, c = 7.100(2) A, V = 4.9 A3, 5.7%, 712 reflections.

INTRODUCTION

Iron(In) compounds of the general formula
AzFeX s . HzO, where A =NH~, K·, Rb+, Cs· and X =CI",
Br", have recently been investigated and were shown to
exhibit antiferromagnetic interactions with long range
zero field magnetic ordering in the 5-25 K temperature
range. 1- 3 The materials contain discrete octahedra and
undergo a typical three-dimensional magnetic phase
transition. The crystal structures of (NH 4 )zFeCl s . Hz04
and KzFeCl s ' HzOs have been reported, while space
group and unit cell determinations have been performed
on most of the remaining members. 1
The common space group for this series of compounds
is Pnma, l,4,S with the exception of the CSzFeCls ' HzO
analog. A preliminary unit cell analysis indicated the
space group is Cmcm and the crystal packing in
CSzFeCls ' H2 0 appears to be isomorphous with
CSzRuCls ' H2 0.6 However, solution of the complete
crystal structures of Cs 2 FeCls ' H2 0 and RbzFeCI s • H2 0
is required in order to correlate superexchange pathway
lengths with transition temperatures and to interpret the
magnetic properties.
Both the cesium and rubidium analogs have a paramagnetic to antiferromagnetic (P-AF) phase transition
at 6.5 and 10.5 K, respectively, in zero field as shown
by the heat capacity and susceptibility measurements. 1,2
The magnetic susceptibility is isotropic at high temperatures as expected for the 6S state iron(nI) ion and this
indicates that magnetic interactions may be interpreted
by the Heisenberg model. 7 A magnetic system with isotropic or small anisotropic Heisenberg interactions is
expected to show a dependence of the magnetic phase to
field strength. 8 The Heisenberg model antiferromagnetic
system will display antiferromagnetic to spin flop to paramagnetic (AF -SF -p) phase transitions at certain
fields and temperatures 9 in addition to the zero field
AF -P phase transition. The high degree of g-value
isotropy evident in the high temperature susceptibility
measurements in CSzFeCls ' HzO and Rb2 FeCls ' H2 0 predict the occurrence of a spin flop transition at relatively
low fields. 10
We report here on the crystal structures, low field
J. Chem. Phys. 70(11), 1 Jun. 1979

(75 Oe) susceptibility measurements from 4 to 100 K,
field dependence of the magnetic susceptibility, and the
observation of a spin flop transition by constant field
variable temperature magnetization measurements of
CSzFeCIs · HzO and RhzFeCls . HzO.
EXPERIMENTAL

Synthesis of compounds
CSzFeCls ' H2 0 and Rb2 FeCIs • HzO were prepared by
dissolving the chloride salt and hydrated ferriC chloride,
in 2: 1 molar ratio, in 2.0M HCI solution. The solution
was thoroughly mixed and evaporated in a dessicator to
allow the formation of large well-shaped single crystals
of the cesium-iron and rubidium-iron double salts.
The crystals were subjected to several different analyses to determine composition. The results of the elemental analyses indicated the chemical formula to be
AzFeCl s ' H2 0 and the calculated and observed percent
composition are as follows: CSzFeCls • HzO, calc. -H,
0.38; Fe 10.8; CI, 34.4; obs. -H, 0.43, Fe, 10.6; CI,
33.8; RbzFeCl s · H2 0, calc.-H, 0.47, Fe, 13.2; CI,
42.0; obs. -H, 0.46; Fe, 13.5; CI, 41. 6.

Magnetic measurements
Magnetic measurements were recorded on a superconducting magnetometer utilizing an rf-SQUID measuring
probe. Conceptually, the susceptometer (SCx) consists
of a superconducting pickup loop L, located in a uniform
magnetic field and coupled to a SQUID (superconducting
quantum interference device) (Fig. O. When a sample
is introduced into the loop, the resulting flux change is
detected by the SQUID, giving a measurement of the total
magnetization of the sample. Alternatively, the. sample
can be kept stationary in the pickup loop and the temperature changed to obtain a direct measurement of AIJ./ AT
with very high sensitivity.
The University of Virginia SCx employs two pickup
loops in a Helmholtz configuration joined by a superconducting stripline to a SQUID sensor. The sample is isolated from the cryogenic environment of the coils by a
dewar inside which the temperature is controlled by a
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=3.24 g cm- a , Pote. =3.35 g cm- 3 , J..L(MoKa) =98.4 cm- I ;
crystal dimensions (distances in mm of faces from centroid) as follows: (100) 0.27, (100) 0.27, (010) 0.055,
(010) 0.055, (021) 0.26, (0"21) 0.26, (021) 0.275, (021)
0.275; maximum and minimum transmission coefficients
were 0.47 and 0.052, respectively.

MAGNETOMETER
OUTPUT

r------------,
:
L2
:
I
I
I

H

A2

:
SAMPLE

FIG. 1. SQUID susceptometer. Pickup loop L I and coil L 2
form a superconducting flux transformer to couple flux change
to the SQUID ring.

flow of helium gas passed through a porous copper plug
equipped with a heater and thermometer. The sample
temperature can be varied from below 4 K to well above
room temperature. A diagram of the apparatus is shown
in Fig. 2.
Applied fields from 0-25 Oe are provided by a superconducting solenoid operated in the persistent mode.
The field is furthe r stabilized by a superconducting
shield (a NbTi cylinder) cooled into the superconducting
state after the field is persistent. This shield also provides isolation from external magnetic fields. The magnet, shield, and pickup coils are mounted rigidly in a
single unit to minimize vibration induced noise. If a
very small sample approximating a point dipole is used,
the response of the SQUID can be calibrated absolutely in
magnetic moment using a coil with preCisely known dimensions and current. For measurements of very large
moments, the sensitivity of the SCx is reduced by switching
a large superconducting inductor in series with Ll and
L2 (Fig. 1) giving a reduction in the flux transfer ratio
by a factor of about 700 and permitting measurements
of moments up to 0.1 emu.
For the principal susceptibilities of both samples, 60
mg single crystals were used. The crystals were then
mounted parallel to the z axis of spin alignment, which
coincided in each case with the [100] crystallographic
axis for the high field measurements. Although the a
axis is the preferred axis of spin alignment for both
compounds, and the crystals have very similar morphological appearances, the cesium and rubidium compounds crystallize in different space groups and the
macroscopic morphological crystal orientations are different for the two salts. Precession photographs were
therefore used to confirm orientation. Field dependent
measurements were most easily recorded as constant
field variable temperature magnetization measurements
in fields ranging from 0.09 to 25.0 kOe and in the temperature range 4.2-25 K.

Crystal data for RbzFeCl s ' H 2 0 were as follows:
mol. wt. =422, space Pnma, Z =4, a = 13. 825(4) A,
b=9.918(3) A, c=7.100(2) A, V=419 N, Peale. =2.86 g
cm-3 , pObs.=2.86gcm- 3 , J..L(MoKa)=126cm-\ crystal
dimensions (mm from centroid) as follows: (100) O. 0425,
(fOO) 0.0425, (120) 0.090, (120) 0.090, (210) 0.075,
(210) 0.075, (101) 0.125, (101) 0.125, (101) 0.125,
(10f) 0.125; maximum and minimum transmission coefficients were 0.60 and 0.20, respectively.
For each crystal, the Enraf -Nonius program search
was used to obtain 25 accurately centered reflections
which were then used in the program index to obtain approximate cell dimensions and an orientation matrix for
data collection. Refined cell dimensions and their estimated standard deviations were obtained from least
squares refinement of 28 accurately centered reflections. The mosaicity of the crystals was examined by
the w -scan technique and judged to be satisfactory.

Collection and reduction of data
Diffraction data were collected at 292 K on an EnrafNonius four-circle CAD-4 diffractometer controlled by
a PDP8/M computer, using MoKa radiation from a high-
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Crystallography
Crystal data for Cs 2 FeCls . H2 0 were as follows:
mol. wt. =517, space group Cmcm, Z=4, a=7.442(3)

A,

b=17.307(7)

A,

c=8.077(7)

A,

V=1040

A3 ,

Peale

FIG. 2. Diagram of the susceptometer. The cutaway of the
sample shows the location of the sample in pickup loops (L \).
Thermometer (T) and heater (H) are shown in the porous eu
plug.
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ly oriented graphite crystal monochromator. The e - 2e
scan technique was used to record the intensities for all
nonequi valent reflections for which 1 0 < 2e < 26° for
Cs 2 FeCl s ' H2 0 and Rb2 FeCls ' H2 0, using a maximum
scan time of 120 s.
Scan widths (SW) were calculated from the formula
SW"'A + B t an, where A is estimated from the mosaicity
of the crystal and B allows for the increase in width of
peak due to K al -K a z splitting. The values of A and B lengths
were 0.6° and 0.35°, respectively. The calculated scan
angle is extended at each side by 25% for background determination (BG1 and BG2). The net count is then calculated as NC=TOT-2(BG1+BG2), where TOT is the
integrated peak intensity. Reflection data were considered insignificant if intensities registered less than 10
counts above background on a rapid prescan, such reflections being automatically rejected by the computer.
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tion would not significantly improve the results. A final
Fourier difference function was featureless. Tables of
the observed structure factors are available. lS The
principal programs used are as described previously. 18
RESULTS AND DISCUSSION

Final positional and thermal parameters for
A2 FeCls ' H2 0 (A = Rb, Cs) are given in Table I. Tables
II and III contain the bond lengths and angles. Estimated
standard deviations (ESD) were derived from the inverse matrix in the course of least squares refinement
calculations.

For each of the two complexes, the iron atom is in an
approximate octahedral ligand environment. The principal distortion from regular octahedral symmetry is tetragonal. The shortest bond is Fe -0, as expected from
the small size of the oxygen atom compared to chlorine.
The shortest bond between iron and chloride is the one
The intensities of four standard reflections, monitored
opposite the Fe-O bond. In each case, the oxygen atom
for each crystal at 100 reflection intervals, showed no
is within hydrogen bonding distance of chlorine atoms
greater fluctuations during the data collection than those
of neighboring [FeCI s (H 2 0)12+ ions (Table 11). However,
expected from Poisson statistics. The raw intensity
due to the relatively high atomic numbers of the other
data were corrected for Lorentz -polarization effects
atoms, it was not possible to locate the hydrogen atom
(including the polarization effect of the crystal monopositions of the coordinated water molecule from the
chromator) and then for absorption. After averaging
x-ray data. In Rb 2 FeCl s ' H2 0, the cations are each
the intensities of equivalent reflections, the data were
surrounded by eight iron-coordinated chlorine atoms
reduced to 589 independent intensities for Cs 2 FeCIs H2 0
as very near neighbors (3. 322 -3.499 A), as is one of
and 968 for Rb2 FeCIs . H2 0, of which 561 for
the cations in Cs 2 FeCl s ' H2 0 (3.434 and 3.604 .A). The
Cs 2 FeCls ' H2 0 and 712 for Rb 2 FeCl s ' H2 0 had F~ > 3a{ro)
other cation in Cs 2 FeCI s • H2 0 has four chlorine atoms
where a{F~) was estimated from counting statistics. 11
as more distant nearest neighbors (3.634 A), with another
These data were used in the final refinement of the strucfour chlorines being less near (3.700 A) and two more
tural parameters.
chlorine atoms a little further away (3.721 Al. The
nearest iron to iron approaches are 6.485 A in
Rb 2 FeCl s ' H2 0 and 7.058 .A in Cs 2 FeCl s ' H2 0.
Determination and refinement of the structures
0

Plots of the principal crystallographic axes susceptibility measurements at 75 Oe for Cs2 FeCIs • H2 0 and
Rb2 FeCls ' H2 0 are shown in Figs. 3 and 4. The smooth
line is the fit of the high temperature data points (T >3Tc)
tor amplitudes, respectively. The atomic scattering
to the Curie-Weiss law [X = NC 2 ,is(S + 1)/3k(T - ell. The
fitted parameters are listed in Table IV. Previous single
factors for nonhydrogen atoms were taken from Cromer
crystal measurements over a more restricted temperaand Waber 12 and those for hydrogen from Stewart et al. 13
The effects of anomalous dispersion for all nonhydrogen
ture range (1.5-30 K) were analyzed in terms of Fisher's classical Heisenberg linear chain model. 17 The reatoms were included in Fe using the values of Cromer
and Ibers14 for tif' and I::.j". Agreement factors are desults of that analysiS are also listed in Table IV. The
data recorded on the SQUID susceptometer is in excelfined as R '" 2; I IFo I - IFe 11/2; IFo I and Rw'" (2;w( IFo I
_ IFe l )2/2;w(IFo I2)1/2.
lent agreement with the data reported earlier; however,
analysis over a more extended temperature range gives
Least-squares refinement was carried out using the
additional information not previously available. When
atomic positions for the compounds CsRuCl s • H2 0 and
analyzed over the entire temperature range from Te to
K2 FeCls ' H2 0 5• 8 as starting parameters. Anisotropic
100 K, the linear chain model gave fits very Similar to
temperature factors were introduced for the nonhydrothose reported earlier; however, the Curie-Weiss
gen atoms. After refinement, the positions of the hydroanalysis for the high temperature data gave quantitativegen atoms were determined from a Fourier synthesis
ly better fits above Te and showed little deviation until
and these were included in the refinement for three cycles
very near Te.
of least-squares refinement and then held fixed. The
models converged with R = 5.2%, Rw = 6. 7% for
In addition to the linear chain model, preliminary fits
Cs 2 FeCls ' H2 0 and R =5.7%, Rw = 7.1% for Rb2 FeCIs • H2 0. were attempted to match the data to a two-dimensional
A structure factor calculation with all observed and unsystem 18 • 19 which has similar magnetic features, inobserved reflections included (no refinement) gave
cluding a broad maximum from short range order.
R =5. 8% and 6.0% for the two complexes, respectively;
However, these models proved to be inadequate because
on this baSiS, it was decided that careful measurement
the positions for T mu. and Xmax did not give consistent
of reflections rejected automatically during data collecvalues for J.
Full-matrix least-squares refinement was based on

F, and the function minimized was 2;w( IFo 1- IFe 1)2. The
weights w were then taken as [2Fo/a{F~)f\ where IFo I
and IFe I are the observed and calculated structure fac-
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TABLE 1.
Atom

A2

FeCl s' H2 O

Positional and thermal parameters and their estimated standard deviations.
X

Z

Y

U l1

U 22

U 33

U 12

U 13

U 23

CS2(FeCI5 • HP)
Cs(1)
Cs(2)

0.0
0.0

0.4706(1)
0.7548(1)

0.25
0.25

0.021(1)
0.019(1)

0.028(1)
0.024(1)

0.0092(9)
0.0325(13)

0.0
0.0

0.0
0.0

0.0
0.0

Fe

0.0

0.1219(3)

0.25

0.011(2)

0.013(2)

0.007(2)

0.0

0.0

0.0

Cl(I)
Cl(2)

0.0
0.2230(6)

0.2531(5)
0.1110(3)

0.25
0.4585(5)

0.025(4)
0.021(2)

0.012(4)
0.035(2)

0.037(5)
0.021(2)

0.0
0.007(2)

°

0.0

0.994(2)

0.25

0.11(3)

0.01(1)

0.07(2)

0.0

0.0

- o. 014(2)
0.0

0.0
- O. 002(2)
0.0

The form of the anisotropic thermal parameter is
exp[- 2 'PI 'PI(U l1 'H'H' p*' p*+Un'K'K' B* 'B* +U 33 'L 'L ·C* ·C* + 2U 12 ' H'K 'A* 'B * + 2U 13 'H 'L 'A *. C*

+2U 23 'K'L 'B* 'C*)]
Rb2(FeCI 5 ' H 2O)
Rb

0.3567(1)

0.0002(1)

0.8432(2)

0.0304(6)

Fe

0.1153(2)

0.25

0.8097(4)

0.021(1)

,0.0042(9)

0.023(1)

CI(1)
Cl(2)
Cl(3)
Cl(4)

0.2209(4)
0.2461(3)
0.0066(3)
0.1040(3)

0.25
0.25
0.25
0.0100(3)

1.0693(7)
0.6028(7)
0.5475(7)
0.8232(5)

0.042(3)
0.021(2)
0.025(2)
0.035(2)

0.025(2)
0.020(2)
0.019(2)
0.011(1)

0.024(2)
0.026(2)
0.037(3)
0.035(2)

0.25

0.996(2)

0.025(6)

0.027(6)

0.058(9)

°

- o. 0057(9)

0.0188(5)

0.0349(7)

- O. 0015(5)

- o. 0041(6)
0.004(1)

0.0
0.0
0.0
0.0
-0.003(1)

- o. 004(2)
-

0.0

- O. 0033(6)
0.0

0.004(2)
o. 008(3)
0.006(1)

0.0
0.0
0.0
0.002(1)

0.023(7)

0.0

The form of the anisotropic thermal parameter is

exp[- 2 'PI 'PI (U u 'H' R'A *'A *+U 22 'K'K 'B*' B* +U 33 'L 'L ·C* ·C* +2U I2 'R'K'A *. B* +2U I3 'R'L 'A * ·C*
+2U 23 'K'L 'B*'C *)1.

The field dependent magnetization measurements indicate a nearly constant value for the antiferromagnetic
to paramagnetic transition temperature Tc as the bicritical point is approached. However, the general features
of a typical AF -P transition are unchanged. At magnetic fields in the vicinity of 13 kOe for A =Cs' and 16
kOe for A =Rb+, an anomaly occurs in the magnetization
at the lowest temperature attainable (4.3 K). This
anomaly is interpreted as the observation of the AF -SF

phase transition with the temperature independent paramagnetism in the spin flop region caused by the perpendicular orientation of the moment of the electron
spins in the magnetic field. The application of the moment operators on the perpendicular spins in the Van
Vleck equation for magnetic susceptibilitfO results in a
vanishing temperature dependent component and a non-
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FIG. 3. Principal crystal axis low field susceptibilities versus
temperature for CS2FeCI3' H20. The smooth line represents the
fit of the data to the Curie-Weiss law.
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FIG. 4. Principal crystal axis low field susceptibilities versus
temperature for Rb2FeCI5 ' H 20. The smooth line represents
the fit of the data to the Curie-Weiss law.
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TABLE II. Bond lengths and selected interatomic distances for
A 2FeCl5 'H 20, andA=Rb+, Cs·. Average ESD=0.002 A.

TABLE IV. Magnetic parameters for
A 2FeCl 5 'H 20 (A = Rb+, Cs+).

A=Rb+
Rb-Cl(1)
Rb-Cl(1 ')
Rb-Cl(2)
Rb-Cl(2 ')
Rb-Cl(3)
Rb-Cl(3 ')
Rb-Cl(4)
Rb-Cl(4 ')
0" 'Cl(4)

3.499
3.330
3.375
3.402
3.322
3.440
3.498
3.453
3.185 b

Fe-Cl(l)
Fe-Cl(2)
Fe-Cl(3)
Fe-Cl(4)
Fe-O
Fe' "Fe

2.351
2.330
2.393
2.387"
2. 132
6.4850

2.221
2.270
2.372 d
3.434"
3.604 f

Cs(2)-Cl(2)
Cs(2)-Cl(2)
Cs(2)-Cl(1)

3. 643 f
3.700g
3.721h

O-Cl(2)

3.118 1

A=Rb+

A=Cs+

1. 99
-35.0 K

1. 97
-14.0 K

Curie-Weiss
g
6

Linear chain
2.0
-0.65 K
-0.46 K

g

J/k
2J' /k

2.0
-1. 39 K
-1. 86 K

A =Cs+
Fe-O
Fe-Cl(l)
Fe-Cl(2)
C s(1)-Cl(2)
Cs(1)-Cl(2)
[Cs(l)-Cl(l)
Fe"'Fe

3.766

(~yz)]

7.058 1

"rwo positions: (1) x, y, Z; (2) x, !-y, z.
bJ'wo positions: (1) -x, !+y, 2+z; (2) -x, -y, 2+z.
"Two positions: (1) -x, 1-y, z-l!; (2) -x, -y, z-l!.
dApplies to all four Cl(2) positions: (1) x, y, Z; (2) x, y, ! -Z;
(3)

-x, y,

Z; (4)

-x, y,

! -z.

"Four positions: (l)x-!, !-y, 1-z; (2)x-!, !-y, z-!;
(3)

! -x, ! -y,

1-z; (4)

! -x, ! -y, z -!.

fFourpositions: (1)x-!, y+!, Z; (2)x-!, y+!, !-z; (3)

!-x, !+y,

!-x, !+y, !-z.
'Y, 1-y, 1-z; (2) x, 1-y, z-!; (3) -x,
-x, 1-y, z-!.
(1) !+x, !+y, Z; (2) x-!, !+y, z.
(1) x, y+1, Z; (2) !+x, y+1!, !-z; (3) x,
!+x, -y+1!, !+z.
(1) !+x, !-y, 1-z; (2) !+x, !-y, -Z;
1-z; (4) r-!, !-y, -z.

Z; (4)

gyourpositions: (1)

1-y, 1-z; (4)
~wo positions:
IFour positions:

-y+1, -Z; (4)
IFourpositions:

(3)x-!, !-y,

vanishing temperature independent component of the resulting magnetic susceptibility,
The magnetization of Rb2FeCl5 ' H20 uncorrected for

TABLE III. Bond angles (deg) for A2FeCl 5 ' H20, A =Rb+, Cs+.
Average ESD=O. 06°.

demagnetization, measured as a function of temperature
at constant magnetic field is plotted in Fig. 5 at four
fields as susceptibility (X =MIH) versus temperature.
The P -AF transition is shown by a drop in susceptibility
as the sample cools below the P-AF transition temperature. Other systems which have been extensively studied and which show similar field dependence are
CuCI2 . 2H 20,21 MnCI2 . 4H 20,22 and Ni(enMN03h. 23 ,24
The first order AF to SF transition is discontinuous
in magnetization and is shown by an abrupt rise in the
magnetization as the sample is cooled below the AF -SF
transition temperature. The magnetization then maintains
a temperature independent value in the temperature region below the transition. The molecular field treatment of spin flop transitions predicts25 that the AF-SF
transition is first order while the other magnetic phase
transitions are second order.
A magnetic phase transition is accompanied by a A
anomaly in the heat capacity versus data plot and the
assignment of a critical temperature is straightforward.
With magnetic susceptibility measurements, the situation
is not as obvious. The transition temperature may be
obtained from susceptibility data by analyzing the first
derivative susceptibility data. The temperature weighted
derivative susceptibility T( axl aT) closely follows the
shape of the heat capacity curve in the critical region. 26
The critical temperature is therefore the temperature
at which TI(axlaT)1 reaches a maximum. This behavior
is graphically illustrated in Fig. 6, which shows on an

A=Rb+
Cl(1)-Fe-Cl(2)
Cl(1)-Fe-Cl(3)
Cl(l)-Fe-Cl(4)
Cl(1)-Fe-O
Cl(2)-Fe-Cl(3)
Cl(2)-Fe-Cl(4)
Cl(2)-Fe-O

90.71
179.47
90.52"
90.06
89.82
94.36"
179.24

Cl(3)-Fe-Cl(4)
Cl(3)-Fe-O
Cl(4)-Fe-Cl(4 ')
Cl(4)-Fe-O

89.44"
89.41
171. 20
85.63"

O. I

:--.....'.

<J)

:

D>

.!::-

.0 5

X

'Two angles.

o

180.0
85.46 b
94.54 b
90.47"
88.81"
170.91"

d

c

~·~·L'··

.V

A =Cs+
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FIG. 5. Plots of magnetic susceptibility of Rb2FeC1 5 ' H 20, uncorrected for demagnetization effects, as a function of temperature at four magnetic field strengths: (a) 0.075 kOe, (b)
16.75 kOe, (c) 17.4 kOe, (d) 25.0 kOe. The single crystal is
oriented with the magnetic field parallel to the [100] crystal
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FIG. 6. Expanded scale plot of the critical region: (a) susceptibility versus temperature; (b) first derivative susceptibility
versus temperature.

expanded scale the susceptibility and temperature
weighted first derivative plotted as a function of temperature. The first order SF -AF tranSition gives a much
sharper first derivative peak than the second order AFP transition, and is theoretically predicted to go to infinity because of the first order nature of the SF -AF
transition. Assignment of the SF -P transition at fields
above the critical field has a larger error since the susceptibility becomes temperature independent at the transition temperature and the first derivative plot is not as
characteristic. The error in the magnetic field measurement is about 1%. At fields below the bicritical
field, the error in Te is estimated at 2% while, for the
high field SF -P transition, the error in Tc is about 5%.
The observed zero field heat capacities 1 give critical
temperatures in excellent agreement with those reported
he re at low fie Ids. The H - T phase diagram s obtained
from the experimental susceptibility transition temperatures are illustrated in Figs. 7 and 8. The three phase
boundaries meet at a bicritical point H =14. 5 kOe,
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FIG. 7. H -T phase diagram for Cs 2FeCI 5 ' H20. The magnetic
field is oriented along the [100] crystallographic axis and parallel to the preferred axis of spin alignment.
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FIG. 8. H -T phase diagram for Rb 2FeCI s • H20. The magnetic
field is oriented along the [100] crystallographic axis and
parallel to the preferred axis of spin alignment.

T = 6.25 K for Cs 2 FeCI 5 • H2 0 and H= 17.8 kOe, T
K for Rb2 FeCl 5 • H2 0.

=

9.75

The high temperatures of the phase transitions in the
H-T phase diagram underscore the large exchange

forces which dominate the magnetic properties of the
A2 FeXs · H2 0 series. The large value of the interchain
exchange parameter in comparison with the intrachain
parameter makes a correlation between J and crystallographic parameters questionable, since the fits rely so
heavily on the molecular field approximation. A more
valid comparison is between the crystallographic parameters and the transition temperature and a comparison
of the high field behavior.
The close adherence of the data to Curie-Weiss law
through most of the temperature range and the large
values of ZJ' compared with J in the linear chain correlation indicate that the magnetic interactions of these
systems may be more nearly three dimensional than was
first thought. The previous measurements l - 3 were in a
more restricted temperature range (1. 5-30 K) and very
little data was available for analysis in the high temperature paramagnetic region. Our data indicate that, from
100 K to within 2Te , the three principal low field susceptibilities are within 2% (Cs) and 1% (Rb) of one another
and obey Curie -Weiss law. This evidence suggests this
series will be a very worthwhile testing ground for threedimensional Heisenberg calculations. The easily accessible temperatures and magnetic fields also make this
system attractive for further study.
The positions of the water protons could not be obtained; however, there are several possible superexchange pathways to neighboring chlorines. If the crystallographic symmetry is to be maintained, the plane of
the water molecule must be parallel or perpendicular to
the y =t plane. This indicates that the most likely hydrogen bonded exchange path is in the be and ae planes.
In any event, there are only two possible directions for
any giveQ orientation of the water molecule and this is
not conducive to three-dimensional magnetic ordering.
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Another possibility which became apparent after the
crystal structure was solved is a pathway through the
alkali metal coordination sphere. In Rb2 FeCI5 · H2 0,
for example, there are eight chlorines within a 3.5 A
coordination sphere. The short ionic distance and multidimensional coordination make this pathway a reasonable alternative. The observed Rb-CI distances as
short as 3.322 A could indicate some form of weak bonding since the ionic radii of Rb+ and CI- give a closest
nonbonding contact of about 3.4 A.
Another investigation of the field dependent critical
behavior of Cs 2 FeCl5 . H20 has since been undertaken by
Carlin et al. 27 We observe excellent agreement with
their preliminary results on the phase diagram of the
cesium analog. Experiments are currently underway
to investigate the field dependence of the other members
of the series. Zero field antiferromagnetic transition
temperatures of up to 23 K (R~FeBr5 . H2 0) are available for the investigation and analysis of the exchange
forces in this series of antiferromagnets.
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